The potential of the ionic liquid (IL) 1-ethyl-3-methylimidazolium acetate ([C 2 mim][OAc]) to dissolve a variety of biopolymers such as cellulose and chitin, makes it an attractive candidate for scaled-up industrial utilization. In fact, the first steps towards its use at industrial scale have been taken. This increases the urgency to fill the knowledge gaps in its toxicity and environmental impact in order to predict and control its environmental fate. In this mini-review, we discuss the available literature surrounding this key IL. The literature (through the analysis of toxicity of the anion and the cation separately) suggests that [C 2 mim][OAc] is a relatively safe choice for industrial applications. However, because the IL should be considered as a compound, with unique properties arising from the interactions between the ions, comprehensive toxicity information for this particular IL is still required. To decide, prima facie, if this IL is toxic or not, evaluation of its influence on human health and ecotoxicity is needed prior to its large scale utilization. We chose in this mini-review to focus on toxicity surrounding this IL and evaluate what is known and what is not. Here with all the information in hand, we hope that the urgent need for [C 2 mim][OAc] toxicological assessment before it can be used in numerous technologies is highlighted. In the near future, we expect that the assessment of toxicity and environmental fate and impact can be integrated directly into any research into the industrial utilization of this IL and any others contemplated for industrial application.
Ionic Liquid Generalizations and Lack of Sufficient Toxicology Studies
Liquid over a wide temperature range, ionic liquids (ILs, salts often defined as those with melting points below 100 C Welton, 1999) , offer opportunities as alternative solvent systems to volatile organic solvents (VOCs). VOCs have been largely criticized for their negative impact on the environment and human health because of their volatility, flammability, and health hazards (Pandey, 2006) . Contrarily, the popularity of ILs arose in the 1990s, from public opinion towards these fluids as suitable reusable, nonvolatile, and (relatively) nontoxic alternatives that could replace VOCs (Pandey, 2006) . In addition, because the majority of IL-solvents were initially dialkylimidazolium or similar quaternary ammonium or phosphonium salts of inorganic ions (Welton, 1999) , the term "Ionic Liquid" was most often associated with these types of chemicals. The use of ILs as solvents (Rogers and Seddon, 2003) has generated stereotypes and misconceptions, despite the fact that these are a class of salts only defined by their low melting point and, as such, could have almost unlimited variation in chemical composition. Classification of ILs into expensive, cheap, toxic, green, biodegradable, nonbiodegradable, flammable, nonflammable, volatile, nonvolatile, etc. (Hough and Rogers, 2007) essentially puts blinders on the researcher who simply cannot consider an application where the IL must have a different characteristic than what they are "known" to be. This is quite evident in the field of toxicology, where various published papers and well-respected magazines have at times made a point of calling out ILs as toxic (Bubalo et al., 2014; Pham et al., 2010; Scammells et al., 2005) , with the implication that ILs should be abandoned. In other words, a single study on a single chemical is apparently sufficient for statements like "ILs are toxic". Indeed, our increasing knowledge about the chemistry of ILs has only recently been translated into a concern for safety, as shown in the recent bloom of toxicology studies on ILs (Amde et al., 2015; Jastorff et al., 2003; Pham et al., 2010; Zhao et al., 2007) . Development of sustainable chemical products requires testing performance of a substance, evaluation of its toxic potential on the environment, animal, and human health, as well as generating a synopsis of available procedures, knowledge, and information (Ranke et al., 2007) . The consequences with usage of any chemical without proper and rigorous toxicology studies can be exemplified with the history of flame retardants and nanoparticles. Lack of sufficient toxicology studies on flame retardants (eg, polybrominated diphenyl ethers) during the early stages of their development led to their large scale utilization long before behavioral changes and neurological damage caused by their widespread environmental contamination had been established (Birnbaum and Staskal, 2004; Darnerud, 2003; De Wit, 2002; Eriksson et al., 2001) . Nanoparticles are widely used in several industrial sectors due to their novel physicochemical properties. However, their biological impacts on the environment and health have raised major concerns . Some nanoparticles have the capacity to penetrate cell membranes and adversely affect biological behavior at the cellular, subcellular, and biomolecular levels (AshaRani et al., 2008; Lewinski et al., 2008; Lima et al., 2012; Nel et al., 2006) . For example, long exposure to gold or silver nanoparticles is associated with potential hazard to human health, and these nanoparticles can be accumulated in different organs (Johnston et al., 2010; Lin et al., 2006; Nel et al., 2006) . These examples should encourage scientific communities to rethink the overgeneralizations and simplistic categorizations of ILs as either "toxic" or "green" solvents without proper data collection and toxicology studies (Swatloski et al., 2003) .
1-Ethyl-3-Methylimidazolium Acetate ([C 2 mim][OAc]) IL and Its Industrial Applications
Imidazolium-based ILs are most often studied as solvents in a variety of potential industrial applications such as separations, catalysis, and dissolution (Plechkova and Seddon, 2008) . Among many imidazolium ILs, 1-ethyl-3-methylimidazolium acetate ([C 2 mim][OAc], Figure 1 ) has shown outstanding performance in the fields of biomass dissolution and biopolymer processing (Sun et al., 2009; Swatloski et al., 2002) . Although the first successful example of complete cellulose dissolution with ILs was demonstrated with 1-butyl-3-methylimidazolium chloride ([C 4 mim]Cl), after BASF (New Jersey, USA) obtained an exclusive license for this technology from The University of Alabama, the company screened a variety of ILs for dissolution of raw cellulosic materials from different biomasses achieving cellulose dissolution in amounts as high as 25 wt%. They determined [C 2 mim] [OAc] to be the best IL for this purpose and launched its production at the pilot plant scale (Hermanutz et al., 2008; UA news, 2017) . Since then, the IL [C 2 mim][OAc] has been shown to dissolve cellulose , wood (Binder et al., 2009; Fort et al., 2007; George et al., 2011; Kilpel€ ainen et al., 2007; Li et al., , 2011 Sun et al., 2009; Zavrel et al., 2009) , switchgrass (Frederix et al., 2016; Singh et al., 2009) , wheat straw (da Costa Lopes et al., 2013; Li et al., 2009) , silkworm (Phillips et al., 2004) , wool keratin (Xie et al., 2005) , chitin (Qin et al., 2010; Wu et al., 2008) , and other raw biomass (Wang et al., 2014) .
Utilization of IL technology in biomass treatment offers several advantages, eg, lowering procedure temperature, efficient biomass deconstruction and dissolution, reducing cellulose crystallinity index, increasing of cellulose yield by reducing lignin content, enhancing lignocellulosic enzymatic saccharification, and lowering the overall toxicity impact (Li et al., 2013) . Such uses of ILs as solvents for biomass not only present an environmentally friendly alternative to other biomass processing methods, but also open the door for obtaining the biopolymers from natural feedstocks, and preparation of biopolymer-based materials (Turner et al., 2004 (Turner et al., , 2005 . In addition, these methods allow the recovery of biopolymers of higher quality and with different properties than those obtained using conventional methods. The importance of this technology is reflected in the increasing number of publications and scale-up processes based on this technology. For example, BASF alone holds about 22 patents (14 patent families) or applications related to cellulose dissolution and cellulosic materials production (Lens search, 2017).
The advantages described for the [C 2 mim][OAc]-based technology in dissolution of lignocellulosic materials has immensely benefited the biofuel industry. For example, great effort is being invested by the researchers in the U.S. Department of Energy's Joint BioEnergy Institute (JBEI; Cheng et al., 2012; Shi et al., 2013; Singh et al., 2009 ) to develop a sustainable process for the hydrolysis of IL-pretreated biomass and conversion of the resultant sugars into transportation fuels. JBEI also presented an initial techno-economic analysis of a lignocellulosic ethanol biorefinery with [C 2 mim][OAc] pretreatment, and determined it was a viable technology in the biofuel marketplace. With the technologies of biomass extraction, biomass processing, biofuel production, etc., we envision [C 2 mim][OAc] to be produced and sold in multi kton quantities and distributed worldwide.
It is evident then that the first steps toward the use of [C 2 mim] [OAc] at industrial scale have already been taken; there is already a massive amount of this IL being used globally and new applications and uses will increase these quantities. Under the trade name BASIONICS, BASF already offers a portfolio of ILs, including [C 2 mim][OAc], which are supplied to customers by Sigma-Aldrich (Darmstadt, Germany) from grams to ton scale (Sigma Aldrich, 2017) .
We believe then, that it is time (or is it already late?) for the scientific community, and specifically the Green Chemistry community who promotes sustainable technologies, to ask ourselves how much do we know about the toxicity of this IL. What is the impact that these new technologies will have over the population and environment? In order to start this discussion, the first step will be to evaluate the toxicology data available for [C 2 As chemists who rely on national and international governmental agencies for safety and toxicological information, we first identified the toxicity of a compound through finding the information in the databases of these agencies. These searches revealed that [C 2 mim][OAc] was not listed in the Consolidated List of Chemicals Subject to the Emergency Planning and Community Right To-Know Act issued by U. S. Environmental Protection Agency, The Agency for Toxic Substances and Disease Registry (2017), or the Occupational Safety and Health Administration (OSHA). Although still in academic journals, the only hit was a comprehensive, yet empirical, database on toxicity of ILs constructed based on Quantitative Structure-Activity relationships (QSAR) (Zhao et al. 2014) .
A systematic approach to the evaluation of the effect of different chemicals to humans and the environment is taken by the European Chemical Agency (ECHA) (The European Chemicals Agency, 2017), which is administrated by the European Union public law. ECHA has classified all harmful or toxic solvents into a list regulated by the Registration, Evaluation, Authorization, and Restriction of chemicals (REACH) database, with a vision of becoming "the world's leading regulatory authority on the safety of chemicals". In 2007, ECHA enforced the REACH regulation, adopted to improve the protection of human health and the environment. According to ECHA regulations, regulatory authorities should conduct the substance evaluation and collect information on substance properties, exposure to users and the environment, and communicate risk management measures within the supply chain (REACH Fact Sheet, 2017 Classification and Labelling, 2017) , indicating that its annual usage is equal or exceeds 1 ton per company, and which production and commercialization in the EU is allowed until the end of its registration window; June 1, 2018 (ECHA Summary of Classification and Labelling, 2017) . After that time, REACH will make a decision whether to allow its further commercialization based on the toxicological data provided by each manufacturer. To register substances whose production volume is between 10 and 100 ton/year/enterprise, REACH requires tests to establish toxicological and ecotoxicological properties (REACH, 2017) . These toxicological evaluations include in vivo skin and eye irritation, skin sensitization, in vitro mutagenicity, acute toxicity (oral, dermal, inhalation), repeated dose toxicity, reproductive toxicity, toxicokinetics, ecotoxicological analyses including aquatic toxicity, as well as assessments on substance degradation and its environmental behavior and fate (Foth and Hayes, 2008) . So far, the only data available through the REACH website is that [C 2 mim][OAc] has been assessed to cause skin irritation (H315) and eye irritation (H319) (ECHA Information on Chemicals, 2017).
Our second attempt was to recover toxicological data from the website of manufacturers (eg, Ionic Liquid Technologies, IoLitec, Heilbronn, Germany, and Proionic, Grambach, Austria) and ton-scale users (eg, BASF). Again, our search to find data on [ (Sun et al., 2009) . The data referred to a Sigma-Aldrich webpage as part of their profiling of BASF's IL products (Sun et al., 2009 Rogers et al., 2012] ) produced from neutral imidazole, which itself can cause severe skin burns and eye damage and might cause fertility issues (ECHA Substance information of Imidazole, 2017). Once functionalized, commonly available alkylimidazolium ions follow consistent trends in physico-chemical properties related to their hydrophobicity and hydrophilicity. Although it took the IL community some time to recognize it (Bailey et al., 2010) , the "alkyl chain effect" (ie, toxicity can increase with alkyl chain length) can render certain 1-alkyl-3-methylimidazolium salts toxic. Reviewing toxicological data compiled in Table 1 points to the diversity of test target, test methodology, and data interpretation therefore making it a difficult task to compare the toxicological impact of ILs side-by-side. From the data presented herein, we can deduce that the cation head is the primary source of growth retardation and inhibition in a variety of tested targets. Considering the anionic charge of most cellular membranes, it is expected that the highest effect would come from the cation, and indeed, a stronger effect from the cationic component of the IL is extensively reported in literature (Evans, 2006; Gal et al., 2012) .
It is also clear that the alkyl side chain length contributes significantly to the toxicity of methylimidazolium-based ILs (the "alkyl chain effect") (Latała et al., 2009) . The increases in cytotoxicity of ILs with increasing alkyl chain length of the cation is reported to be due to the ability of the longer chains to more easily embed, and ultimately disrupt, cell membranes (Benedetto et al., 2014; Losada-Pé rez et al., 2016; Yoo et al., 2016) . Cations with shorter alkyl chains; however, display weaker hydrophobic interactions with the lipid tails of the phospholipid membranes therefore incorporate only slightly into the membrane and induce mild disorder (Losada-Pé rez et al., 2016).
The longer alkyl chain length was shown to negatively affect Vibrio fischeri (Docherty and Kulpa, 2005; Montalb an et al., 2016; Ranke et al., 2004; Romero et al., 2008) , algae (Kumar et al., 2011; Ma et al., 2010) , mussels (Tsarpali et al., 2015) , freshwater snails 
[Amim] The concentration of IL inducing a specified response in 50% of the tested targets after a specified exposure duration.
b
The concentration of IL that causes mortality in 50% of the tested targets after a specific exposure duration.
c
The concentration of IL causing an inhibition of a specified process in 50% of the tested targets after a specified exposure duration. NA, not available. (Bernot et al., 2005) , and watercress (Studzi nska and Buszewski, 2009) . Although Penicillium species exhibited high tolerance towards ILs (Petkovic et al., 2009) , ILs with longer alkyl chain exhibited antimicrobial activity (Docherty and Kulpa, 2005; Ventura et al., 2012) . Furthermore, increase in alkyl chain length caused higher levels of toxicity towards the Channel Catfish Ovary (CCO) cell line (Rado sevi c et al., 2013) and HeLa cells (Stepnowski et al., 2004) . Activity of enzymes, eg, acetylcholinesterase ), dehydrogenase (Liwarska-Bizukojc, 2011 , and protease (Zhao et al., 2006) , was inhibited to a greater extent with an increase in alkyl side chain. Based on this first evidence, the short alkyl chains of the [C 2 mim] þ cation (methyland ethyl-groups) implies that the toxicity should be lower, in comparison with other imidazolium-based ILs.
Although the increase of alkyl chain length on the imidazolium core results in a dramatic change of cation toxicity, an evaluation of the toxicological impact of the anion (Table 1) indicates that the influence of the anion is small in these types of compounds. In general, anions containing fluorine atom(s) in their structure were the most toxic, and their toxicity increased with the number of fluorine atoms (Costa et al., 2015 (Costa et al., , 2016 Kumar et al., 2011; Montalb an et al., 2016; Rado sevi c et al., 2013; Stepnowski et al., 2004; Zhao et al., 2006 ] in the growth medium caused changes of yeast morphology, however, low concentrations ( 5%) of these two ILs promoted bioethanol production by Saccharomyces cerevisiae (Mehmood et al., 2015) . In assessing toxicity caused likely from the anion, the acetate anion was placed at the end of the spectrum, causing the least toxicity towards the tested targets (Costa et al., 2016; Montalb an et al., 2016; Zhao et al., 2006) . Indeed, the acetate anion is environmentally benign and is used (in the form of sodium acetate) in the textile industry, polymer production (eg, synthetic rubber), the food industry (eg, as vinegar), etc. Because acetate is a conjugate base of acetic acid, it also acts as a weakly acidic buffer (pH 4-6; as an aqueous solution of the corresponding acetate salt and acetic acid).
The conclusions above based on analysis of toxicity of the anion and the cation separately would indicate that [C 2 mim][OAc] is a relatively safe choice for industrial applications. However, an IL is not only the sum of the properties of its ionic components, but should be considered as a compound by itself, with unique properties arising from the interactions between the ions. Due to the lack of such information on this IL in the databases, the next step was to find out what is known in the literature for this particular IL. Review of the available literature on the toxicity of [C 2 mim][OAc] (Table 2) indicates that not a lot of studies have been conducted to elucidate the toxicity of this IL. Yet, the amount of publications referring to this particular IL has been increasing over the last 10 years, reaching an average of 108 publications per year for the last five years (SciFinder Search, 2016) .
Enzyme stabilization was reported when [C 2 mim][OAc] was added to aqueous solutions (Costa et al., 2016; Zhao et al., 2006) , likely due to the nature of the [C 2 mim] þ (chaotropic) and [OAc] À (kosmotropic) ions. Interestingly, the IL not only stabilized the enzymes, but also enhanced the enantioselectivity of protease (Zhao et al., 2006) . However, when the IL's toxicity was evaluated in high concentrations (from 4900 to 5800 mM) (Wahlströ m et al., 2016; Xu et al., 2015) , the structure of the enzymes was disturbed by interactions between acetate and the enzyme molecule, inducing rapid cellulase deactivation. Based on the high hydrogen bond acceptor ability of the anion (high hydrogen bond basicity; Claudio et al., 2014) , these type of strong interactions would be expected, and indeed these interactions make this IL suitable for biomass and biopolymers dissolution.
The effect on bacteria also, as expected, depended on concentration: a low concentration of [C 2 mim][OAc] was found to be harmless to aquatic bacterium V. fischeri (Costa et al., 2015; Montalb an et al., 2016) . A hormetic effect was also reported for [C 2 mim] [OAc], where this IL stimulated the growth of Clostridium sp. and Pseudomonas putida at low concentrations (<14 mM) Francis, 2011, 2015) . The promoted growth of Clostridium sp. resulted in increased glucose utilization and ethanol production (Nancharaiah and Francis, 2011) . Although the hormetic effect of [C 2 mim] [OAc] on the bacterial growth and fermentative metabolism is likely mediated via regulation of the buffer pH Francis, 2011, 2015) , higher concentrations of the same IL showed adverse effect on bacterial growth (Nancharaiah and Francis, 2011) . The mechanism of this hormetic effect still needs to be fully understood, however, ecological implications might be expected if this IL is released to the environment in high quantities. For example, the species or populations with hormetic behavior can grow and prevail over other species, disrupting the existing ecological balance.
Although no hormesis was observed on yeasts (S. cerevisiae), it was shown that these species can continue with their metabolic activity up to [C 2 mim][OAc] concentrations of 30-35 mM, after which a reduction of growth rate was observed, and metabolic activity decreased under both aerobic and anaerobic conditions (Ouellet et al., 2011) . At lower concentrations of IL in the growth medium, yeast used [C 2 mim][OAc] as a carbon source and the presence of the IL induced changes of yeast morphology, resulting in wrinkled, softened, and holed shapes (Mehmood et al., 2015) . The property of fungi to use [C 2 mim][OAc] as a carbon source was also demonstrated using Aspergilli species tolerant to this particular IL for biomass processing applications (Singer et al., 2011) . Interestingly, although [C 2 mim] [OAc] showed no significant effect on Escherichia coli cells up to ca. 89 mM, acetic acid itself was lethal to E. coli even at 16 mM (Mikkola et al., 2015) . The opposite was observed for the yeast S. cerevisiae. It was shown that a given concentration of [C 2 mim][OAc] was far more inhibitory on the growth of the yeast than the equivalent concentration of acetate alone (Ouellet et al., 2011) . Although the intrinsic properties of the cation and the anion and their interactions (synergistic or antagonistic) could influence the toxicity of [C 2 mim][OAc] towards microorganisms, the reduced toxicity in the case of E. coli and the increased toxicity in the case of S. cerevisiae could also be the result of difference in the growth media, the pH, and the strategies employed by each microorganism to survive in a given environment (Weyhing-Zerrer et al., 2017) .
It is evident that the scientific community recognizes the importance of the toxicological evaluation of [C 2 mim][OAc], although these studies are not yet systematic and do not yet cover all the necessary toxicological aspects of the IL. Even more, the connection between the applications of this IL-technology with the toxicology studies is evident: more than 50% of the toxicological studies presented above have been conducted on microorganisms used in the biofuel production industry. Consequently, even when the reported data contributes to the understanding of the toxicological effects of this IL, these studies are aimed at identification and characterization of IL-tolerant microorganisms rather than evaluating the impact of [C 2 (Foth and Hayes, 2008) in order to develop standard testing procedures for a more inclusive and focused toxicity evaluation.
CONCLUSIONS AND FUTURE REMARKS
Toxicological data available in the literature and on governmental databases for the IL [C 2 mim][OAc] is still scarce and no conclusive data seems to be available to decide, prima facie, if this IL is toxic or not. Such lack of information is not unique to this particular IL: the body of publications on toxicity of the most commonly used ILs represents <1% of the total publications on this class of chemicals (Heckenbach et al., 2016) . The low number of dedicated publications to the important criterion of IL technology is certainly alarming, and the need for extensive and systematic studies to enlarge the toxicological databases, in order to better understand the toxicity of ILs has been previously highlighted by Petkovic et al. (2011) .
Although there is a lack of conclusive data and standardized tests to evaluate exposure conditions, a clear trend for the toxicity of imidazolium-based ILs could be deduced from the reported literature. In the compounds studied, the main toxicological effect is due to the cation, where toxicity can increase as the alkyl chain length increases to a certain point. In comparison, the anion's contribution to the toxicity of the ILs is minimal (although fluorinated anions are an exception, showing higher toxicity, most probably due to their hydrolysis in aqueous solutions; Swatloski et al., 2003) . Although much of our focus in this mini-review has been on the evaluation of individual ions, much work is needed on the exact IL to elucidate the impact of ion-ion interactions (synergistic or antagonistic) on the toxicity of ILs.
Based on these trends, [C 2 mim][OAc] is predicted be less toxic in comparison with most of the traditional imidazoliumbased ILs, due to its short alkyl side chains and harmless acetate anion. This is confirmed to some extent with the (still scarce) toxicological data reported in literature, where safety levels of [C 2 mim][OAc] have been determined using different biological targets. Although still none of these results can be considered as definite, we are confident that further systematic studies will allow determining safety levels of this IL under different types of exposure.
In addition, a systematic approach based on the concept of QSAR (Docherty and Kulpa, 2005) and standardized tests such as choice of animal models and exposure conditions should still be developed to estimate and measure toxicity of ILs. However, studies shouldn't be limited to exposure to target organisms; a complete understanding of the environmental fate of this IL will require evaluation of its spread, uptake, bioaccumulation, and biotransformation, as well as its influence on human health and ecotoxicity. An important starting point would be to follow the tests suggested by REACH for a comprehensive, systemic approach.
The urgency of properly profiling toxicity of [C 2 mim][OAc] should not deter us from seeing its outstanding properties. Overlap of a need for implementation of new technologies for biomass treatment and deconstruction and societal need to reduce the reliance on petroleum-based products has encouraged industry and academic sectors to make major efforts to find a solution. Scientific and industrial communities, however, are encouraged to invest and develop the understanding of the toxicity of a newly introduced technology to the maximum capacity, especially when efforts are being made towards its commercialization and marketing. With all information in hand, it does appear that there is an urgent need for complete [C 2 Mehmood et al. (2015) Signum, Ltd. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.
FUNDING
This research was undertaken, in part, thanks to funding from the Canada Excellence Research Chairs Program.
